Context: Unlike other areas of medicine, psychiatry is almost entirely dependent on patient report to assess the presence and severity of disease; therefore, it is particularly crucial that we find both more accurate and efficient means of obtaining that report.
I
MAGINE A 1000-ITEM MATHEMATics test with items ranging in difficulty from basic arithmetic to advanced calculus. Consider 2 examinees: a fourth grader and a graduate student in mathematics. Most questions will be uninformative for both examinees (too difficult for the first and too easy for the second). To decrease examinee burden, we could create a short test of 10 items, equally spaced along the mathematics difficulty continuum. Although this test would be quick to administer, it would provide imprecise estimates of these 2 examinees' ability because only 1 or 2 items would be appropriate for either examinee. A better approach would be to begin by administering an item of intermediate difficulty and, based on the response scored as correct or incorrect, select the next item at a level of difficulty either lower or higher. This process would continue until the uncertainty in the estimated ability is smaller than a predefined threshold. This process is called computerized adaptive testing (CAT) . To use CAT, we must first calibrate a bank of test items using an item response theory (IRT) model that relates properties of the test items (eg, their difficulty and discrimination) to the ability (or other trait) of the examinee. The paradigm shift is that rather than administering a fixed number of items that provide limited information for any given ex-aminee, we adaptively administer a varying number of items that are targeted to the examinee's specific level of ability or impairment. CAT allows us to adaptively select a small set of items for each examinee out of a much larger bank of test items, targeting precision by selecting items based on prior ability, trait, or impairment estimates.
Although use of CAT and IRT has been widespread in educational measurement, it has been less widely used in mental health measurement.
1, 2 First, large item banks are generally unavailable for mental health constructs. Second, mental health constructs (eg, depression) are inherently multidimensional, and CAT has primarily been restricted to unidimensional constructs, such as mathematics achievement. Application of unidimensional models to multidimensional data can result in biased trait estimates (severity or impairment) and underestimates of uncertainty. 3 Multidimensional IRT-based CAT has been previously used in analysis of the 626-item Mood and Anxiety Spectrum Scales. 4 To our knowledge, this was the first study of mental health CAT using a large item bank and multidimensional IRT. 5, 6 CAT required a mean of 24 items per examinee, yet maintained a correlation of r=0.93 with the full 626-item score. In this article, we apply multidimensional CAT to the measurement of depression using the CAT-Depression Inventory (CAT-DI).
Unlike other areas of medicine, psychiatry is almost entirely dependent on patient report (either self-report or reports to evaluators) to assess the presence and severity of disease; therefore, it is particularly crucial that we find more accurate and efficient means of obtaining that report. We use the assessment of depression as an example of what CAT might offer toward that goal. The goal of this report is to describe a new tool for the measurement of depression. With the exception of the previously cited demonstration study 4 with the Mood and Anxiety Spectrum Scales, the statistical foundation of the new tool has not been used in any other area of instrument development and provides a statistical advance over other approaches that are based on unidimensional models and much smaller item banks. Although we will explore the extent to which these theoretical advantages translate to gains in measurement precision, reliability, and validity in a future statistical article, the results of this study clearly demonstrate the improvement in fit of the multidimensional bifactor model over traditional unidimensional alternatives.
METHODS

THE BIFACTOR MODEL
The bifactor model [5] [6] [7] is a multidimensional IRT model that allows each item to measure the primary dimension (eg, depression) and a single subdomain (eg, somatization), hence, the term bifactor. The bifactor model has major computational and interpretational advantages over unrestricted exploratory item factor analytic models [8] [9] [10] and extends CAT to the measurement of multidimensional constructs. For example, traditional item factor analysis 8 is generally restricted to 5 dimensions, and the results may be interpreted differently, depending on the rotation of the solution (eg, varimax vs promax rotations). The bifactor model has no limitation in terms of the number of dimensions that can be included under the restriction that each item loads on the primary dimension and 1 subdimension. The solution is also rotationally invariant, leading to more direct interpretation. Technical details are provided in the eAppendix (http://www.archgenpsychiatry.com).
COMPUTERIZED ADAPTIVE TEST
Within CAT, items are selected during the process of test administration for each individual, allowing the test administrator to control measurement precision and to maximize efficiency. CAT includes (1) a precalibrated item bank, (2) an item selection procedure, (3) a scoring method, and (4) a criterion for terminating the test. In the current study, we used maximum item information, 11 appropriately modified for the bifactor model (eAppendix), to select items for CAT administration and a dual termination criterion of 0.3 for the SE of the estimated primary dimension score or maximum information remaining in the bank of less than 1.25. In this way, CAT terminates if at an examinee's currently estimated specific severity level (eg, extreme score) there is insufficient information for any item to achieve the intended level of precision. Relaxing the SE termination criterion in the 2 extremes (floor and ceiling) reduces respondent burden without compromising our ability to rank patients in terms of severity. Technical details are provided in the eAppendix.
THE ITEM BANK
The total item bank consisted of 452 depression items. We organized the items into conceptually meaningful categories using a hierarchical approach informed by previous empirical (eg, factor analytic) work. Previous work documents that these constructs can be partitioned usefully into subdomains (eg, mood, cognition, and somatic indicators) and factors, and it is informative about the best manifest indicators (items) for operationalizing such factors. [12] [13] [14] [15] Our hierarchy included domains (eg, depression), subdomains (eg, mood, cognition, and behavior), factors (eg, within depressed mood, factors included increased negative affect and decreased positive affect), and facets (eg, within increased negative affect, facets included sadness, irritability, moodiness, and others). The total number of facets was 46 for depression (eTable 1). Example items from each domain and subdomain are presented in Table 1 .
A key step in editing the item bank was qualitative review of the items done by consensus among the members of the Pittsburgh research site (see the article by DeWalt et al 16 for a description of the qualitative procedures used by the PatientReported Outcomes Measurement Information System [PROMIS] network and adapted here). This process involved identification of redundant items (so that they are not administered in the same testing session), items that were too narrow (often by virtue of being disease specific), items that were confusing or vague, and items that were poorly written.
Most items were rated on a 5-point ordinal scale. The items were selected based on a review of more than 100 existing depression or depression-related rating scales (eTable 2). Items were modified to refer to the previous 2-week period and to have consistent response categories.
The CAT-DI has a mandatory suicide screening question, which is presented at the end of the CAT session if not previously administered. If positively endorsed, a suicide alert report is generated and the test administrator notified. In the final version of the CAT-DI, an option will be available to have 4 suicide items administered to achieve an even more complete evaluation of suicide risk.
PARTICIPANT SAMPLE
Study participants were male and female treatment-seeking outpatients between 18 and 80 years of age. Patients were recruited from 2 facilities, the Western Psychiatric Institute and Clinic (WPIC) at the University of Pittsburgh and a community clinic at DuBois Regional Medical Center (DuBois RMC). DuBois RMC is one of the leading health centers in western Pennsylvania. The Center for Behavioral Health Services at DuBois RMC provides comprehensive inpatient and outpatient psychiatric care. Participants were screened at both the WPIC and Dubois RMC for eligibility. If they had been in psychiatric treatment within the past 2 years, they were considered a psychiatric participant. If they had not had psychiatric treatment within the past 2 years, they were considered a nonpsychiatric control. Psychiatric diagnoses were confirmed by medical records and their treating physician or clinician. Patients with and without a lifetime diagnosis of major depressive disorder (MDD) were included. For psychiatric participants, exclusion criteria included the following: history of schizophrenia, schizoaffective disorder, or psychosis; organic neuropsychiatric syndromes (eg, Alzheimer disease or other forms of dementia, Parkinson disease, and so on); drug or alcohol dependence within the past 3 months (however, patients with episodic abuse related to mood episodes were not excluded); inpatient treatment status; and individuals who were unable or unwilling to provide informed consent. For nonpsychiatric controls, exclusion criteria included the following: any psychiatric diagnosis within the past 12 months; treatment for a psychiatric problem within the past 12 months; positive responses to telephone screen questions; history of schizophrenia, schizoaffective disorder, or psychosis; and individuals who were unable or unwilling to provide informed consent.
We report on the analysis of data from 798 individuals used to calibrate the IRT model (WPIC) and 816 individuals who received the live CAT-DI (414 WPIC and 402 DuBois RMC study participants). For simulated adaptive testing, 308 participants (of the 798) took all of the 389 items in the bank after 63 items were deleted from the original set of items, permitting computation of the correlation between results of CAT and total test score; these participants were also part of the calibration sample. The other 490 calibration participants took a subsample of 252 items based on a balanced incomplete block design that maximized the pairings of all items. 17 To study the validity of the CAT-DI, using the calibration and simulated CAT phases described, 292 consecutive psychiatric participants received a full clinician-based diagnostic interview via the Structured Clinical Interview for DSM-IV (SCID) 18 and the live CAT-DI. Participants received increased compensation ($50 rather than $25) to complete this phase of the study. Demographic characteristics and SCID-based diagnostic prevalence rates are presented in Table 2 . The CAT-DI was also administered to 100 nonpsychiatric controls. Nonpsychiatric controls were defined as having no psychiatric treatment within the past 2 years. Controls were recruited via flyers, print media, and Audix messages through the University of Pittsburgh Medical Center.
To examine convergent validity, data were also obtained for the Patient Health Questionnaire 9 (PHQ-9), 19 24-item Hamilton Rating Scale for Depression (HAM-D), 20 and the Center for Epidemiologic Studies Depression Scale (CES-D). 21 The HAM-D was administered by a trained clinician, and the PHQ-9 and CES-D were self-reports. Major depression, minor depression (DSM-IV appendix B), and dysthymia were defined according to DSM-IV criteria. The screening information was available to the clinician. 
STATISTICAL ANALYSIS
Calibration was performed using the bifactor model and a unidimensional alternative, both based on graded IRT models. 6 A likelihood ratio 2 statistic was used to determine whether the bifactor model improved fit over the simpler unidimensional alternative. The CAT-DI scores were based on expected a posteriori estimates. 22 The CAT-DI scores were then used in a logistic regression to predict a physician-based DSM diagnosis of MDD so that the CAT-DI scores could be related to the probability of meeting DSM-IV criteria for MDD.
The empirical distribution of the CAT-DI scores was resolved into a mixture of 2 normal distributions 23 and compared with models with 1 and 3 component distributions using the Bayesian information criterion (BIC) to determine the best-fitting model. Sensitivity and specificity of the CAT-DI in predicting SCID diagnostic group classification (MDD and MDD plus minor depression) were determined for 3 thresholds based on the estimated mixture distribution (ie, posterior probability of being in the elevated component distribution of 0.50, 0.80, and 0.95).
RESULTS
CALIBRATION
Results of the calibration study revealed that the bifactor model with 5 subdomains (mood, cognition, behavior, somatic, and suicide) significantly improved fit over a unidimensional IRT model ( 2 389 = 6825, P Ͻ .001). A total of 389 items were retained in the model based on having a primary factor loading of 0.3 or greater (96% Ͼ0.4 and 79% Ͼ0.5).
SIMULATED CAT
Results of simulated CAT revealed that for an SE of 0.3, a mean of 12.31 items per participant (range, 7-22) were required. The correlation between the 12-item mean length CAT and the total 389-item score was r = 0.95. For an SE of 0.4 (less precise), a mean of 5.94 items were required (range, 4-16), but a strong correlation with the 389-item total score (r = 0.92) was maintained. The median length of time required to complete the 12-item (mean) CAT was 2.29 minutes (interquartile range, 1.72-2.97 minutes) compared with 51.66 minutes for the 389-item test. Faster times should be achievable using the final platform (a touch screen device) instead of the Windows-based mouse interface currently used.
Mean precision was 0.31, and CAT was terminated for insufficient item information in 15.0% of the cases. In all but 2 cases, the estimated CAT-DI score was less than −2.0, indicating no evidence of depression (too few symptoms to precisely measure). In the other 2 cases, the scores were greater than ϩ2.5, indicating extreme severity (too many symptoms to precisely measure). Figure 2A displays the distributions of the CAT-DI scores for patients who met the diagnostic criteria for minor depression (including dysthymia) and MDD vs those who did not meet the criteria. There is a clear linear progression between the CAT-DI depression severity scores and the SCID diagnostic categories of none, minor depression (including dysthymia), and MDD. The distributions were also reasonably symmetric within each diagnostic group. Means (SDs) and sample sizes were −0.93 (0.75) (n = 117) for no depression, −0.02 (0.58) (n = 29) for minor depression, and 0.47 (0.693) (n = 146) for MDD. Statistically significant differences between no depression and minor depression (t 144 = 6.121, P Ͻ .001), no depression and MDD (t 261 = 15.736, P Ͻ .001), and minor depression and MDD (t 173 = 3.558, P Ͻ .001) were found, with corresponding effect sizes of 1.271, 1.952, and 0.724 SDs, respectively. In general, the distribution of scores among the diagnostic categories showed greater overlap (ie, less diagnostic specificity particularly for no depression vs minor depression), greater variability, and greater skewness for these other scales relative to the CAT-DI (Figure 2 , B-D).
EMPIRICAL DISTRIBUTION OF THE CAT-DI SCORES
RELATIONSHIP TO DIAGNOSIS OF MINOR AND MAJOR DEPRESSION
COMPARISON WITH OTHER DEPRESSION SCALES
DIAGNOSTIC SCREENING
With the 100 healthy controls as a comparator, sensitivity and specificity for predicting MDD using the 50% probability threshold (CAT-DI score = −0.61) were 0.92 and 0.88, respectively. Results were similar for the combination of major and minor depression (0.90 sensitivity and 0.88 specificity). Using patients treated for depression in the past 2 years who did not currently meet DSM-IV criteria for minor depression or MDD as a comparator yielded sensitivity and specificity of 0.92 and 0.64 for MDD and 0.90 and 0.64 for minor depression and MDD combined, respectively. The lower specificity is due to elevated depressive symptoms in patients currently or recently in treatment for depression who did not meet DSM-IV criteria for MDD and/or minor depression. Using the 95% probability threshold of ϩ0.28 increased specificity to 0.98 but decreased sensitivity to 0.63. The increased threshold is rarely (2%) exceeded by patients without MDD, but only 63% of patients with MDD exceeded this threshold. Depending on the application, different thresholds can be used. A reasonable balance for application in clinical (depression) samples is to use an 80% classification probability threshold (CAT-DI score of −0.19), which produces sensitivity of 0.82 and specificity of 0.85. As expected, the rate of positive CAT-DI scores (using the 50% threshold of −0.61) was higher (51.7%) at the university psychiatric clinic than at the community mental health clinic (31.1%).
The CAT-DI scores were strongly related to MDD diagnosis (odds ratio = 24.19; 95% CI, 10.51-55.67; P Ͻ .001). A unit increase in the CAT-DI score has an associated 24-fold increase in the probability of meeting criteria for MDD. This relationship is shown in Figure 3 . Figure 3 also presents the CAT-DI score percentile ranking for patients with DSM-IV-diagnosed MDD. For example, a patient with a CAT-DI score of −0.6 has a .50 probability of meeting criteria for MDD but would be at the lower seventh percentile of the distribution of the CAT-DI scores among patients who met criteria for MDD. By contrast, a patient with a CAT-DI score of 0.5 would have a .97 probability of meeting criteria for MDD and would be at the 50th percentile of patients meeting criteria for MDD. Table 3 presents item-by-item results for 2 CAT administrations: 1 study participant with low severity and 1 with high severity. The participant with low severity required 11 items to achieve an SE less than 0.3, and the participant with high severity required 12 items. The first participant had a score of −0.892, which corresponds to a probability of .33 of meeting criteria for MDD and a percentile of 3.4% among patients with MDD. As such, we would not consider this to be a patient who is currently depressed. By contrast, the second participant had a score of 1.028, which corresponds to a probability of .99 of meeting criteria for MDD and a percentile of 83.9% among patients with MDD. As such, we would consider this to be a patient who is highly likely to be currently depressed. If we had used a less stringent SE termination criterion of 0.4, we would have terminated item administration for both participants after 6 items and would have obtained severity scores within 5% of the final values. 
EXAMPLE CAT ADMINISTRATIONS
COMMENT
Results of this study reveal that we can extract most of the information (r = 0.95) from a bank of 389 depression items using a mean of only 12 items (median of 2 minutes 17 seconds) per study participant. The paradigm shift is that rather than using a fixed number of items and allowing measurement uncertainty to vary, we fix measurement uncertainty to an acceptable level for a given application and allow the number and specific items administered to vary from participant to participant. As an example, changing our termination threshold from an SE of 0.30 to 0.40 decreased the mean number of items administered from 12 to 6, with only a small corresponding decrease in correlation with the total 389-item score (r = 0.95 to r = 0.92). Such efficiency would permit depression screening of large populations necessary for conducting studies of psychiatric epidemiology and determining phenotypes for large-scale molecular genetic studies. The ability to administer the CAT-DI in a few minutes via the Internet, without clinician assistance, makes routine depression screening of patients in primary care possible because the results of the test can be transmitted directly to the medical record and discussed with the patient by the physician at the time of their visit. We note that depressed patients are particularly difficult to assess with a long scale, and the benefits of CAT administration are therefore particularly important in this setting.
From a taxonomic point of view, the distribution of the CAT-DI scores in this study sample suggests a mixture of 2 component distributions, one pathological and one not. However, both distributional components appear to have normal distributions, demonstrating that there is considerable interindividual variability in patients with and without clinical depression. The 2 component distributions are well separated by approximately 2.5 SDs, making classification straightforward.
A somewhat unexpected result is the jointly high levels of sensitivity (0.92) and specificity (0.88) for the CAT-DI for predicting MDD when using general medical sample controls as the comparison group. A different threshold can be used such that even in samples of patients actively or recently being treated for depression, the CAT-DI accurately predicts MDD. The use of a finite mixture distribution model to empirically derive thresholds for studying sensitivity and specificity for diagnostic classification appropriate for the particular sample evaluated in this study is another unique methodologic feature of this study.
The CAT-DI exhibits strong correlation (r = 0.75 to r = 0.84) with other established depression rating scales, both self-rated and clinician rated. Despite this strong association, the CAT-DI appears to be better able to differentiate patients with minor depression from patients who did not meet criteria for minor or major depression. This is not at all surprising because the CAT-DI is adaptively selecting items from a large bank of possible items that are targeted to the specific level of depressive severity of each patient. By contrast, the fixed-length scales consist of a relatively small number of items, for which only a few may be discriminating at any specific level of depressive severity. As a result, they may do well in the extremes (eg, MDD) but have less information for intermediate severity levels. This is one of the major advantages of CAT.
As applied in this study, CAT does not solve all measurement problems. For example, if we were interested simply in diagnostic classification, we would be better off adaptively selecting items that maximized measurement precision in the region between healthy and depressed. Furthermore, although the CAT-DI may be extremely helpful in many settings, it is not able to assess functional impairment or assess the immediacy of treatment necessity.
There are numerous areas for further study. As previously demonstrated, 4 CAT can be applied to a wide variety of areas in mental health measurement, with similar reductions in patient and clinician burden. As a part of the current research program, we have also developed CAT instruments for anxiety and bipolar disorder, which we will soon report. Application to the assessment of depression in children is also viable; however, different item banks would be required and methods for dealing with developmental shifts must also be incorporated. The measurement of depression in different populations (eg, Hispanics) can also be accommodated by translating the CAT-DI item bank into different languages (eg, Spanish) and then testing for differential item functioning between our current sample and a culturally different sample. It is likely that items that may provide excellent discrimination of high and low depressive severity in one culture or race may not perform as well in another. Identifying the most informative items for a given population may provide further benefits over traditional measurement. 
